Importance There is paucity of data on prevalence and disease asymmetry of agerelated macular degeneration (AMD), particularly the earlier stages, in the UK population. Objective and Purpose To determine the prevalence of age-related macular degeneration in an elderly Caucasian UK population. Design Cross-sectional population study, [2002][2003][2004][2005][2006]. Participants Residents in the study area of Bridlington aged 65 years and older. Methods Full-ophthalmic examination was undertaken in 3549 participants, of eligible 6319 Caucasian population (response rate of 56%). Non-stereoscopic Colour fundus photographs (30°) were graded masked using a modified Rotterdam Classification for 3475 (98%) participants with gradable images. Prevalence for different AMD grades were calculated. Demographic details were analysed then integrated with the AMD gradings for full analysis. Prevalence rates for the different AMD Grades were calculated, as well as the age-specific prevalences. Results AMD prevalence in the worst eye were 38.5% grade 0, 41.4% grade 1, 12.8% grade 2, 2.8% grade 3, and 4.6% grade 4. Geographic atrophy (grade 4a) occurred in 2.5%, and neovascular AMD (grade 4b) in 1.8%. Prevalence increased with age such that grade 4 (advanced) AMD was 2.2% in the 65-69 years group, 15.8% for the 85-90, and 21.2% for over 90 years. There was significant asymmetry between the two eyes of individuals with advanced AMD (Po0.001), such that vision loss was unilateral. Persons with more advanced AMD grades were more likely to be dissatisfied with their vision. Conclusions Advanced AMD occurs more commonly in the UK Caucasian population than previously reported. Significant asymmetry between the two eyes occurs in individuals with unilateral advanced AMD so that visual impairment statistics do not represent true prevalence of advanced AMD. Persons with more advanced AMD were more likely to be dissatisfied with their vision.
Introduction
Age-related macular degeneration (AMD) is the leading cause of irreversible visual impairment in adult populations across developed countries, 1 and a leading cause of global blindness. 2 With the increasing shift towards ageing populations, its prevalence is expected to increase significantly. AMD represents the advanced end of pathological changes within the ageing macula. The earliest features referred to as age-related maculopathy (ARM), consist of yellow sub-retinal pigment epithelial (RPE) deposits (drusen), some types of which have long been an established risk factor for the development of AMD since first described by Gass. 3 Focal alterations of physiological pigmentation of the RPE also form part of the spectrum of ARM. 4, 5 The presence of drusen, with associated areas of focal hypopigmentation or hyperpigmentation of the RPE, have come to signify increased risk of progression to advanced stages of AMD, and associated potential for visual loss. 4, 5 The two main phenotypes of AMD are geographic atrophy (GA), characterised by atrophy of the choriocapillaris, overlying RPE and photoreceptors, and neovascular AMD (nAMD), signalled by the development of choroidal neovascular membranes (CNV) into the sub-RPE or subretinal spaces. There are currently no proven treatments for dry AMD. Despite treatments with anti-vascular endothelial growth factor (anti-VEGF) therapies for nAMD, the number of individuals in the UK with sight loss secondary to AMD is expected to rise from 223 224 in 2010 to 291 982 by 2020. 6 Several population based studies from across the world have reported prevalence estimates for ARM/AMD, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] including developed countries such as Australia, 7, 8 The United States, 9 a number of European studies, [10] [11] [12] [13] [14] [15] [16] and a few from Asia and elsewhere. [17] [18] [19] [20] Heterogeneity exists in reported prevalence rates between populations, reflecting either genuine differences, offering potential insight into genetic and environmental causes of AMD, or different study designs. Variations in age groups, photographic methods utilised (field size, stereoscopic/ non-stereoscopic, or mydriatic/non-mydriatic photographs) along with variations in grading procedures and definitions may impact the reported prevalence. A recent meta-analysis of AMD prevalence across populations of European ancestry confirmed significant heterogeneity in prevalence rates between studies. 21 Although several publications exist on AMD prevalence in the UK, there remains a paucity of data from population studies from this country. Some UK prevalence estimates were based on data from registration of visual impairment 22 with associated inherent shortcomings. Under-certification is reported; 23 while patients with bilateral visual impairment may be registered, persons with early ARM, asymptomatic, unilateral, or eccentric AMD, where bilateral visual acuity (VA) is not reduced go unrecorded. Furthermore, registration is dependent on patient consent. Other estimates are based on pooled findings from studies undertaken in various white populations of shared European ancestry in the UK and elsewhere. 6, 24, 25 Population prevalence studies of AMD in the UK with large sample sizes are limited, [26] [27] [28] [29] and much of the available data are old. 27, 30 Furthermore, information provided on the early stages of ARM is sparse. The study by Evans et al 26 involved a large population; however, participation was restricted to individuals aged ≥ 75 years and the study adopted community screening for reduced vision for case detection. A publication by Ngai et al 31 included only male subjects aged 65-83 years, as part of a longitudinal cohort, with potential selection bias from a healthy survivor effect. Other studies adopted non-standard grading definitions, making comparisons to other reports difficult. 28 The EUREYE study included one UK centre in Northern Ireland, which contributed 634 participants. 11 A recent systematic review, seeking to provide reliable estimates on AMD prevalence in populations of European ancestry 21 underpins the need for a more robust population based measure to provide information on asymptomatic and asymmetric disease along with information on ARM, allowing more adequate healthcare planning for the UK. This manuscript presents data on the prevalence of ARM and AMD in persons 65 years of age or older in a UK Caucasian population.
Methods

Study design
The Bridlington Eye Assessment Project (BEAP) is a single centre population based prevalence study, with the primary objective to investigate the utility of screening for eye disease in an elderly population ≥ 65 years, using clinical examination by trained optometrists and digital imaging technology. The primary ophthalmic diseases studied were AMD, cataract, and glaucoma. Bridlington, a coastal town in Yorkshire, UK, was chosen because it included a relatively stable predominantly Caucasian elderly population with little migration. All participants were interviewed, in person, by a trained research nurse using structured questionnaire, and examined by one of four specially trained optometrists with structured proforma completed by the research staff. All participants were asked if they were subjectively happy with their current self-perceived level of vision using a simple categorical grading of 'satisfied' or 'dis-satisfied'.
Non-stereoscopic mydriatic fundus photography was performed with a Topcon fundus camera (model TRC NW6S) and a Nikon 10 megapixel camera. Each eye had a 30°colour fundus photograph taken centred on the macula. Further details of Methodology are provided in Online Supplementary.
Photographic grading
Photographs of right and left eyes were graded masked by a single ophthalmologist (CW) who was trained in image grading at the Central Angiographic Reading Facility (CARF), Belfast, using definitions and grids as described in the International Classification System for AMD. 33 In this system a circle with diameter of 6000 μm is centred on the fovea and features of ARM/AMD recorded. The grid consists of three concentric circles with radii of 500, 1500, and 3000 μm, with four radial lines angled at 45°and 135°dividing the grid into nine subfields. Drusen were categorised on the basis of their size, homogeneity, and outline. 33 Pigmentary irregularities were classified as hyperpigmentation, hypopigmentation, or both. GA was defined as a sharply demarcated area of RPE loss, of at least 175 μm in diameter and roughly round or oval in shape, with at least two of the following features: scalloped edges, visible choroidal vessels that are more prominent than in the surrounding areas and well defined margins inkeeping with the clarity of the fundus photograph. nAMD was assigned if there were any of the following features within the grid: definite RPE detachment, haemorrhagic or serous, and/or subretinal or sub-RPE haemorrhages unassociated with any other vascular lesion and/or intraretinal, subretinal or sub-RPE glial tissue, and/or subretinal or sub-RPE neovascular membrane as characterised by grey/yellowish discolouration. If any of these features occurred directly adjacent to and contiguous with the optic disc, a grade of peripapillary CNV (PPCNV) was assigned. When GA and nAMD coexist in the same eye, the eye was graded as nAMD. If doubt existed as to whether a lesion was AMD or other pathology such as diabetic retinopathy, pathological myopia, chorioretinitis, or laser burns, then it was not graded as AMD. All images graded as GA were specifically reviewed to ensure that none had a recorded history of diabetic retinopathy or previous macular laser. In addition, frequent sessions of simultaneous grading with a retinal specialist (WMA) were performed to maintain reproducibility.
All questionable lesions, and eyes that were graded as GA, nAMD, or PPCNV were reviewed and scrutinised by WMA. Any differences in opinion were sent to CARF for grading. One in ten (1 in 10) randomly selected right eye images were sent to the CARF for secondary masked grading by certified graders. Any differences between CW and CARF were adjudicated by WMA. The signs of ARM/AMD were stratified using the modified Rotterdam grading system (Table 1) , and recorded as one of five exclusive stages (0-4) to facilitate statistical analysis. 5, 34 Each eye was graded separately, and the final grade assigned to each participant was that of the worse or only eye. Grade 4 AMD was classified as advanced, grade 3 as intermediate, and grades 1-2 as early AMD.
Statistical methods
Statistical analysis was performed using Stata 12.0 (StataCorp, College Station, TX, USA) and SPSS v.22 (IBM Corp. Armonk, NY, USA). Continuous outcomes were compared between participants with gradable and nongradable images. Where the assumptions of normality were violated for continuous variables non-parametric techniques were be applied. Differences in proportions were assessed using Chi-squared tests. Binary outcome variables were analysed using logistic regression techniques. All the statistical tests were two-sided at the 5% significance level and effect size accompanied with 95% confidence interval (95% CI).
Results
In total 3549 individuals participated in the initial study examination, corresponding to 56% of the eligible study population. Basic demographic information was available for all subjects within the sampling frame. There were four non-Caucasians in the ≥ 65 year group who attended but were excluded from the study. Gender balance was similar for both attenders and non-attenders.
A total of 3475 (98%) participants had gradable photographs, including a subset of 226 (6%) with gradable images in one eye only. A total of 74 (2%) individuals had ungradable images in both eyes.
Inter-observer variability was assessed using Kappa. Using the cut-offs proposed by Landis and Koch, 35 there was substantial agreement of 76% between CARF and CW (kappa = 0.69, SE 0.03, Po0.001), and excellent agreement of 86% between CW and WMA (kappa = 0.82, Table 2a and did not differ between the genders. Prevalence rates for the worse eye were: 12.8% for grade 2 and 2.8% for grade 3; GA or nAMD (grade 4 AMD) had a prevalence of 4.6%. For the worse eye, GA was more prevalent than nAMD, as shown in Table 2a . GA was 1.7 and 1.6 times more prevalent than nAMD in the right and left eyes respectively compared to 1.3 times for the worse eye (Table 2a ; Po0.001). As shown in Table 2b , although 60% of prevalent cases of nAMD were in females, when adjusted, this prevalence was 2.0 and 1.7% for females and males, respectively. PPCNV (4c) was infrequent, with prevalence of 0.3% for the worse eye. The prevalence of the earlier stages of ARM decreased with age (Table 3a) . In subjects aged 65-69 years, 44.5% had grade 0 AMD in their worse eye, but in subjects over 90 year age group only 15.2% had minimal or no evident morphological changes. There was a statistically significant increase in AMD prevalence with age from 65 years upwards (Po0.001), as shown in Table 3a . In particular, there was a statistically significant difference in the prevalence of grade 4a and 4b AMD across all age groups (Po0.001). The prevalence of grade 4 AMD increased from 2.0% in the 65-69 year age group, to 15.9% for 85-90 years, reaching a maximum of 21.2% in the ≥ 90 years'. As the stage of AMD increased, the mean age of subjects with that stage of disease increased significantly (Po0.001; for right, left or worse eye), as shown in Table 3b .
In this population, 64.5% of participants had the same grade of AMD in both eyes. There was a positive correlation of AMD grades between the two eyes of individual participants as indicated by Pearson's correlation coefficient of 0.5138. This symmetry was especially notable at the lower grades of AMD. However, at the higher AMD grades significant asymmetry was observed between the two eyes of participants. GA was unilateral in 65.9%, and bilateral in 34.1% participants. Similarly, bilateral nAMD was present in 21.9% of subjects, indicating that nAMD was more likely to be unilateral when compared to GA. Bilateral advanced AMD (4a, 4b, or 4c) occurred in 63 people (1.8%).
The proportion of the population with self-perceived dissatisfaction with vision is shown in Table 4a . As the grade of AMD increased the self-perceived dissatisfaction with vision worsened. A significant number of participants with the more advanced grades of AMD (61.0 and 40.6% of subjects with GA and nAMD, respectively) considered their vision to be satisfactory. In the early stages of ARM, the majority of subjects were happy with their vision, as shown in Table 4a . As the worse eye AMD grade increased, the percentage of subjects happy with their vision decreased from 77.9% (Grade 0) to 40.6% (grade 4b), the latter grade being the only stage at which the majority were dissatisfied with their vision. With the better eye, there was significant increase in subject dissatisfaction with vision, particularly for individuals with bilateral nAMD. Table 4b demonstrates that individuals with grade 4a or 4b AMD in their better eye were over four times more likely to report dissatisfaction with their vision when compared to individuals with no AMD.
As shown in Table 5 , best spectacle or contact lens corrected VA (SCVA) was well maintained at LogMAR 0.3 (Snellen 6/12) or better for most eyes through the early stages of ARM (AMD grade ≤ 2). In eyes with GA, vision was maintained at LogMAR 0.3 or better for 36.4% and 41.3% of right and left eyes, respectively. There was widespread variation in vision, ranging from excellent (LogMAR 0.0) to counting fingers, depending on the exact location of the degeneration in eyes with GA. Eyes with nAMD were most likely to suffer significant visual impairment, with 57.9% and 55.0% of right and left eyes respectively having SCVA of LogMAR 1.0 or worse. Only a small minority of subjects with nAMD (10 and 5%) maintained a good SCVA in the right and left eyes respectively. BCVA positively correlated between the two eyes in most participants (Pearson's coefficient = 0.5562, Po0.001). There was significant asymmetry of BCVA between the two eyes in some participants which correlated with the grade of AMD (Kruskall-Wallis, Po0.001). There was no association of AMD grade with gender (P = 0.55), the presence of diagnosed hypertension (P = 0.513), or diabetes mellitus (P = 0.882). A history of a previous stroke did not reach statistical significance for the left eye (P = 0.055), or the right eye (P = 0.318).
The relationship between AMD and cataract was explored with linear and logistic regression models using the grade of nuclear cataract and the presence of significant cataract as the respective dependent variables. AMD prevalence in the UK, (BEAP Study) C Wilde et al
Significant cataract was defined as LOCS III nuclear sclerosis ≥ 4, or cortical cataract ≥ 3, posterior subcapsular cataract ≥ 2, or evidence of previous surgery. A weak association between AMD and cataract was found (Po0.001), which disappeared when age was included as a covariate (right eyes P = 0.062, left eyes P = 0.07).
Supplementary Results are provided in Online Supplementary.
Discussion
This is the largest UK population-based study of AMD in the ≥ 65 year age group to date, and includes a large number of participants aged ≥ 80 year age, representing a scarce resource among published UK population studies, where older subgroups tend to be small. 25, 26, 36 Quality assurance through secondary grading was carried out by an established reading centre. The study utilised digital fundus photography and grading methods that are well-recognised and used in previous population based studies. 11, 37 Image grading was masked, and mydriatic fundus photography obviated the disadvantages of nonmydriatic photography, 16, 29 which could hamper grading, particularly of early ARM.
The measured prevalence of advanced AMD (grade 4) in this ≥ 65 year population of 4.6% is higher than reported in several UK studies, including the EUREYE (3.77% in the Belfast arm) and the Speedwell eye study (0.5%), but similar to 4.8% derived from the Owen analysis of 2012. 25 This is despite the exclusion of participants who were registered as visually impaired (VI) and severely visually impaired (SVI). As such, a significant number of persons with bilateral advanced AMD may have been excluded. This implies that our reported prevalence of advanced AMD (grade 4), despite being higher than previously reported, may actually be an underestimation. In the BEAP study, several participants had reduced vision bilaterally but were not registered as Table 5 Summary of spectacle corrected visual acuity (SCVA) for right and left eyes across AMD grades, subcategorised for level of visual impairment
Rotterdam Grade
Right eye SCVA Total (n (%))
Poor vision (n (%)) VI. This finding suggests that at the time of this project VI/SVI registration data may have been incomplete in the Bridlington area. Nevertheless, the prevalence rates of AMD in this BEAP study are generally higher than previously reported in similar age subgroupings in other studies, 7, [9] [10] [11] [12] [13] [14] 16 and may be related to the larger participation of the older population than in previous studies, or higher detection rates.
To the best of our knowledge, this study provides for the first time, the population prevalence for grade 4c AMD in the UK, and data on the prevalence of early stages of AMD and persons with asymmetric AMD. There is a significant proportion of the population who have advanced AMD in one eye, while the other eye functions normally. Such persons are not captured by current methods of visual impairment data collection in the UK. Similarly, persons with the earlier and intermediate stages of AMD are asymptomatic, and can only be detected by regular checks. Such information is necessary for health care planning.
A common finding among previous prevalence studies in populations of, or derived from European ancestry was that nAMD was more common than GA. 7, [9] [10] [11] The TILDA Study showed that GA and nAMD had similar prevalence in the Irish population of ≥ 50 years, although their figures were significantly lower than in our study, possibly reflecting the utilisation of non-mydriatic photography, making acquisition of clear images difficult in the presence of media opacities. 16 Our findings indicate that the prevalence of GA is not less common than nAMD in either eye. This difference remained for the worse eye, with GA being 1.3 times more common than nAMD, similar to that reported elsewhere, typically in Iceland. 13, 38 Jonasson et al 13 in the Reykjavik Eye Study reported that atrophic AMD and nAMD occurred in 9.2% and 2.4%, respectively in individuals over 70 years of age. 13 In the Greenland Inuit Eye Study 39 this finding was not repeated as GA occurred in one or both eyes in 2.3%, nAMD in one or both eyes in 6.1%, and GA in one eye and nAMD in the other eye in 1.1% of the 695 participants aged 60 years or over. The nature and significance of these differences is uncertain but could reflect genetic factors which have been reported to play a role in the prevalence of AMD. [40] [41] [42] Other explanations include the misclassification of chronic PEDs associated with areas of GA (potentially secondary to the utilisation of nonstereoscopic photography) or previous laser photocoagulation in the macular area. Our re-evaluation of images, however, excluded the possibility of misclassification or confounding with previous laser treatment and/or history of diabetes in eyes with GA.
The self-reported satisfaction with participants' vision is interesting. It shows that a large proportion of individuals with GA in their worse eye remained satisfied with their vision. With regards to the worse eye, nAMD is the only stage at which the majority of participants are dissatisfied, while with the better eye, subject dissatisfaction with vision increased, particularly for individuals with bilateral nAMD.
Our results are highly likely representative of the Caucasian population studied. Attendance rates are lower than in some studies, 7, 9, 11, 13 probably reflecting the older age of inclusion in our study, but largely comparable to those in others, 8, 10, 12, 16, 43 considering that many of these latter studies used lower minimum age inclusions. Allowing home examination may have increased our response rate but would have reduced the degree of standardisation of procedures and grading, through exclusion of photography.
A limitation of the current study is that the use of non-stereoscopic photographs could have resulted in an underestimation of the prevalence of nAMD by missing subtle PEDs. However, chronic PEDs with significant activity from a CNV would likely be associated with other signs including retinal haemorrhages or gliosis, which would have allowed their identification. Furthermore, as this study excluded persons registered as visually impaired, a significant number of patients with bilateral advanced AMD may have been excluded resulting in an underestimation of true prevalence.
Another limitation is that the population was purely Caucasian, and does not provide any information on racial differences in AMD in the UK. However, this is also strength, as a similar sized study of a mixed population would have wider confidence limits for each finding in each racial group.
The limitation of utilising colour photographs as the only imaging modality in this study is obvious, as the early stages of AMD may be overlooked, where optical coherence tomography and autofluorescence images are not available. Similarly reticular pseudodrusen may be difficult to detect without multimodal imaging. Despite such potential under-estimation, the technology and grading system used is similar to that in previous AMD population studies, and should therefore yield comparable reliability.
In conclusion, this study provides contemporary prevalence rates of different stages of AMD in a UK population, and indicates that the prevalence of advanced AMD is more common than previously thought. It has also, for the first time, provided data on the occurrence of AMD asymmetry in the population. Further studies are required in other UK communities to determine differences in prevalence amongst the different ethnicities, as well as determine incidence rates.
